SIGNALING BY THE WNT PATHWAY
Wnt proteins comprise one family of secreted signaling molecules that is conserved in a wide range of species, from the cnidarian Hydra to humans. Members of the Wnt family are classified based on sequence homology with the first-identified Wnt proteins: mouse Wnt-1 and Drosophila wingless. Signaling by Wnt ligands is used in a variety of contexts, having key roles in both embryonic development and adult homeostasis (for review, see Logan and Nusse 2004) . Misregulation of Wnt signaling has been implicated in developmental abnormalities and cancer.
Most Wnt signaling events are transduced by what is referred to as the canonical Wnt pathway (Fig. 2) . In this setting, Wnt ligands are secreted and bind to their cognate receptor complex on the surface of receiving cells. The receptor complex consists of Frizzled, a 7-transmembrane domain receptor, and a low-density lipoprotein (LDL) receptor-related protein (LRP) coreceptor (Bhanot et al. 1996; Wehrli et al. 2000) . The signal is relayed through the intracellular protein Dishevelled (Dsh/Dvl), which, in the presence of Wnt ligand binding, promotes inhibition of a destruction complex consisting of Axin, APC (adenomatous polyposis coli), and GSK3 (glycogen synthase kinase 3) (for review, see Cadigan and Liu 2006) . In the absence of a Wnt signal, the destruction complex phosphorylates β-catenin, targeting it for degradation by the proteasome. Inhibition of the destruction complex leads to an accumulation of cytoplasmic β-catenin and the subsequent translocation of β-catenin into the nucleus. In the nucleus, β-catenin interacts with T-cell factor/lymphoid enhancer factor In many contexts, self-renewal and differentiation of stem cells are influenced by signals from their environment, constituting a niche. It is postulated that stem cells compete for local growth factors in the niche, thereby maintaining a balance between the numbers of self-renewing and differentiated cells. A critical aspect of the niche model for stem cell regulation is that the availability of self-renewing factors is limited and that stem cells compete for these factors (Fig. 1) . Consequently, the range and concentrations of the niche factors are of critical importance. Now that some of the few self-renewing factors have become identified, aspects of the niche models can be tested experimentally. In this chapter, we address mechanisms of signal regulation that take place at the level of signal-producing cells, constituting a niche for stem cells. We emphasize the biochemical properties and posttranslational modifications of the signals, all in the context of Wnt signaling. We propose that these modifications control the range of Wnt signaling and have critical roles in establishing niches for stem cells in various tissues. (TCF/LEF) transcription factors to regulate transcription of Wnt target genes (Clevers and Van de Wetering 1997) . In some instances, Wnt signals are transduced independently of β-catenin, for example, in planar polarity in Drosophila and during morphogenetic movements in vertebrate gastrulation (Veeman et al. 2003) .
BIOCHEMICAL PROPERTIES OF WNT PROTEINS
Wnt proteins are characterized by the presence of a hydrophobic signal sequence followed by an invariant spacing pattern of 22 highly conserved cysteine residues. Many Wnt proteins are known to be N-glycosylated or possess potential glycosylation sites. An unusual characteristic of Wnt family members is posttranslational lipid modification. The specific lipid modifications observed on Wnt proteins include a palmitic acid (a saturated 16-carbon fatty acid chain) attachment on the most amino-terminal-conserved cysteine residue and a palmitoleic acid (monounsaturated 16-carbon fatty acid chain) attachment on a highly conserved serine residue (Willert et al. 2003; Takada et al. 2006; Komekado et al. 2007; Kurayoshi et al. 2007 ). These sites correspond to cysteine 77 (Cys-77) and serine 209 (Ser-209), respectively, in mouse Wnt3a. Lipid modification, or the covalent attachment of fatty acids, has been shown in different instances to regulate the biological activity of signaling proteins by affecting structural stability, membrane targeting, and protein-protein interactions (Smotrys and Linder 2004; . Although it is more common for intracellular proteins to be lipid-modified, secreted signaling proteins can also be regulated in this way. Hedgehog is one example of an important signaling molecule that is both secreted and lipid-modified. Like Wnt, Hedgehog is used for cell-to-cell communication in a variety of processes during embryonic and larval development. Hedgehog is modified by the addition of cholesterol and palmitic acid (Porter et al. 1996; Pepinsky et al. 1998) . Loss of the cholesterol attachment affects the cell surface localization, range of activity, and asymmetrical trafficking of Hedgehog (Porter et al. 1995; Gallet et al. 2003) , whereas loss of the palmitic acid group reduces the signaling activity of the protein without affecting its processing, secretion, or distribution (Chamoun et al. 2001; Lee et al. 2001; Gallet et al. 2003) . Another more recent example of a secreted signaling protein that undergoes lipid modification is the Drosophila EGFR (epidermal growth factor receptor) ligand Spitz. Spitz is modified by the attachment of palmitic acid, which functions to enhance its association with the plasma membrane, thereby restricting its range of activity . These examples highlight the fact that altering the biochemical properties of a signaling protein by posttranslational lipid modification can impact both its potency and its range of signaling activity. This raises interesting questions about the role of lipid modification in Wnt signaling, with respect to both the mechanisms of signal transduction taking place at Wnt-receiving cells and the mechanisms of signal regulation taking place in Wnt-producing cells.
The Wnt protein structure is likely governed by intramolecular disulfide bonds formed among conserved cysteine residues, along with a number of posttranslational modifications (Fig. 3) . The posttranslational glyco- . Wnt processing and secretion. The processing and secretion of Wnt proteins is a highly regulated process with several dedicated factors. Because Wnts are secreted proteins with a hydrophobic amino-terminal signal sequence, they are translated on the rough endoplasmic reticulum (ER). Once in the ER, many Wnt proteins are posttranslationally lipid-modified by the covalent attachment of fatty acids. The multipass transmembrane protein Porcupine (Porc), which resides in the ER and is homologous to a family of O-acyltransferases, is required for lipid modification of Wnt proteins. After transiting through the Golgi apparatus (Golgi) from the cis to the trans face, Wnt proteins are escorted to the plasma membrane by Wntless, another multipass transmembrane protein that is specifically required for Wnt secretion. At the plasma membrane, Wnt proteins disassociate with Wntless. Wntless is then recycled back to the transGolgi network through an endosomal pathway via the action of the retromer complex, where it can once again assist in the transport of Wnt proteins to the plasma membrane.
sylation and lipid modifications of Wnts begin once the nascent proteins reach the endoplasmic reticulum (ER). A member of the membrane-bound O-acyltransferase (MBOAT) family Porcupine (Porc) is a multipass transmembrane ER protein that has been shown to have a crucial role in the posttranslational processing of Wnt proteins (Tanaka et al. 2000 (Tanaka et al. , 2002 Zhai et al. 2004 ). Loss of porc leads to an accumulation of Wg in porc mutant cells, indicating that Wg cannot be properly secreted (van den Heuvel et al. 1993; Siegfried et al. 1994; Tanaka et al. 2002) . There is evidence that Porc has a direct role in lipid modification of Wnt proteins. Beyond belonging to an acyltransferase protein family and thus being capable of catalyzing an acyl bond formation between palmitic acid and a cysteine residue, overexpression of porc increases the hydrophobicity of mWnt3a (Komekado et al. 2007 ), whereas loss of porc decreases the hydrophobicity of Wg (Zhai et al. 2004 ). In addition, the Porc-binding site of Wg includes Cys-93, the cysteine residue thought to be the site of palmitic acid attachment (Tanaka et al. 2002) .
WNT SECRETION
Once Wnt proteins have been posttranslationally modified, they are ready to enter the secretory pathway. In Wntproducing cells, Wg appears to move from the ER to the trans-Golgi network (TGN) and then on to different subcellular compartments, including endosomes (González et al. 1991) . The Wnt secretory pathway has proved to be highly specialized, requiring the assistance of dedicated proteins to ensure delivery of Wnts to the plasma membrane (Fig. 4) . The multipass transmembrane protein Wntless/Evi/Sprinter (Wls) was initially identified as a key component of the Wnt secretory pathway in Drosophila (Banziger et al. 2006; Bartscherer et al. 2006; Goodman et al. 2006) . Wls is specifically required in Wnt-producing cells where, in the absence of Wls, Wnt will accumulate intracellularly and not be secreted (Banziger et al. 2006; Bartscherer et al. 2006; Franch-Marro et al. 2008; Port et al. 2008) . This secretion defect is specific to Wnts, because loss of Wls has no effect on other proteins dependent on the secretory pathway, such as Hedgehog (Hh) (Banziger et al. 2006; Bartscherer et al. 2006; Goodman et al. 2006) . Studies of the Wls ortholog in Caenorhabditis elegans, MOM-3/MIG-14, revealed that the function of Wls is conserved across species and necessary for the signaling activity of all Wnts examined (Harris et al. 1996; Thorpe et al. 1997; Eisenmann and Kim 2000; Banziger et al. 2006 ). Wls does not affect Wnt glycosylation or lipid modification, although it has been shown to directly interact with Wnt and is localized to the TGN and late endosomes of Wntproducing cells (Banziger et al. 2006; Franch-Marro et al. 2008; Port et al. 2008 ). Research to date has led to the currently accepted model of Wls as an intracellular chaperone for Wnt, which enables trafficking from the TGN to the plasma membrane of Wnt-producing cells.
The retromer complex was recently established as a necessary component for Wnt signaling in C. elegans, where it is also specifically required in Wnt-producing cells (Coudreuse et al. 2006; Prasad and Clark 2006) . Initial studies linking the retromer complex to Wnt signaling in C. elegans showed a breakdown in the establishment of the anteroposterior gradient of Wnt/EGL-20 in the absence of retromer activity and a subsequent impairment in longrange, but not short-range, signaling events (Coudreuse et al. 2006) . Although retromer activity is required in Wntproducing cells, preliminary biochemical analysis indicated that Wnt secretion was unaffected in cultured mammalian cells lacking retromer activity (Coudreuse et al. 2006) . These data are consistent with a model of Wnt signaling that involves specific secretory routes of Wnts destined for short-or long-range signaling. In this model, the retromer complex is required for the intracellular trafficking events necessary for proper secretion of Wnts intended for long-range signaling events.
Two recent studies have found evidence that challenge this model of retromer activity. They show that, similar to a loss of Wls, loss of the retromer complex leads to a complete block in Wnt secretion and consequent accumulation of Wnt in producing cells of the Drosophila imaginal wing disc (Franch-Marro et al. 2008; Port et al. 2008) . Interestingly, overexpression of wls can overcome this block in Wnt secretion induced by the loss of the retromer complex (Port et al. 2008) . This raises the possibility that the primary function of the retromer complex is to regulate the intracellular transit of Wls. Indeed, upon close inspection of retromer-deficient cells using electron microscopy, Wls was found to be diverted from the plasma membrane to degradative mulitvesicular bodies as opposed to being transported back to the TGN (Franch-Marro et al. 2008) .
Biochemical analysis revealed that the retromer complex binds directly to Wls (Franch-Marro et al. 2008) . Taken together, these data suggest that Wnt uses a specialized secretory pathway dependent on its interaction with Wls in the TGN that facilitates endosomal transit to the plasma membrane, whereupon Wls is recycled back to the TGN in a retromer-dependent fashion.
The controversy regarding the sole requirement of the retromer complex for secretion of Wnts targeted for longrange, but not short-range, signaling events as opposed to enabling secretion of all Wnt proteins will require further analysis. However, both models agree that the retromer complex is required for a specific secretion route used by Wnts in producing cells. How Wnts are released into the extracellular space from the plasma membrane of Wntproducing cells remains unknown.
WNTS AS MORPHOGENS
Wnts belong to a class of secreted proteins called morphogens (Strigini and Cohen 2000) . Morphogens are secreted molecules that influence the movement and organization of cells by providing spatial information in the form of a concentration gradient. For example, in the developing Drosophila wing imaginal disc, Wg affects target gene transcription in a graded manner from its sight of production at the dorsoventral (DV) boundary out to the periphery of the wing pouch (Zecca et al. 1996) . Different concentrations of Wg lead to induction of different target genes (Cadigan et al. 1998 ). High-threshold target genes, such as achaete and senseless (sens), require high levels of Wg to be induced and are therefore only upregulated in cells directly adjacent to Wg-producing cells (Zecca et al. 1996; Nolo et al. 2000) . Low-threshold target genes, such as vestigial and distalless (dll), can be turned on in response to much lower amounts of Wg and are consequently induced in the entire pouch of the imaginal wing disc (Zecca et al. 1996; Cadigan et al. 1998 ).
The dually lipid-modified Wnt proteins are highly hydrophobic and are presumably associated with cell membranes after secretion (Zhai et al. 2004 ). These observations raise several interesting biological questions: If lipid modification is indispensable for signaling (Willert et al. 2003) , how is it possible for Wnts to affect cells at a distance if this lipid moiety confers high affinity for cell membranes? And if Wnts are released from membranes, how is it possible for a hydrophobic protein to move through the aqueous extracellular environment without aggregating? One possibility is that Wnt proteins are always chaperoned while in the extracellular space.
Previous studies have identified a number of factors that contribute to the extracellular stabilization of Wg. In Drosophila, two membrane-tethered heparin sulfate proteoglycan (HSPG) molecules, Dally (division abnormally delayed) and Dlp (Dally-like protein), are essential in shaping the Wg gradient (Lin and Perrimon 1999; Tsuda et al. 1999; Franch-Marro et al. 2005; Han et al. 2005 ). In addition, lipoprotein particles composed of lipophorin have also been suggested to have a role in the transport of two lipid-linked morphogens in Drosophila, Wg and Hh (Panakova et al. 2005) .
A number of different mechanisms are used by morphogens to achieve their graded extracellular distribution. The different models include passive diffusion, active transport via planar transcytosis, the "bucket brigade" relay mechanism, cellular protrusion-mediated transport, and carrier-assisted transport (Strigini and Cohen 1999; Christian 2000; Tabata 2001; Cadigan 2002; Gonzalez-Gaitan 2003; Zhu and Scott 2004) . It is certainly possible for a given signaling molecule to use a combination of these mechanisms.
Passive diffusion is the simplest mechanism of extracellular distribution of a signaling molecule. In this model, the morphogen freely diffuses away from its site of production, forming a concentration gradient. Although it is widely accepted that Wg somehow manages the feat of extracellular diffusion, it is unlikely that Wg can freely diffuse through the epithelia, because the extracellular space is an aqueous environment making the free diffusion of a hydrophobic protein such because Wg impossible. Planar transcytosis is a model of extracellular transport that involves the movement of a signal through cells via multiple rounds of receptor-mediated endocytosis and subsequent exocytosis. This would prevent Wg from exposure to the aqueous extracellular environment, but it would also take an unrealistic amount of time because the estimated time for crossing just one cell is between 20 minutes and 4 hours (Lander et al. 2002) .
Another mechanism that has been challenged as being too slow by theoretical assessment is the "bucket brigade" relay mechanism (Kerszberg and Wolpert 1998) . In this model, extracellular matrix proteins or cell surface receptor proteins, such as HSPGs, bind to the signaling molecules and pass them along in a "bucket brigade" fashion to adjacent cells.
The final model of diffusion is carrier-assisted diffusion. In this model, another diffusible molecule or molecules bind to the morphogen to aid in its movement. A carrier protein could function to solubilize Wg, thereby preventing aggregation in the aqueous extracellular environment. We have recently found that a novel Wg-binding protein, Swim, functions in this capacity to maintain solubility and activity, thereby mediating the long-range action of Wg. We identified Drosophila Swim by mass spectrometry as a trace component of the purified Wg preparation. This was a particularly interesting finding because preparations of mammalian Wnt3a and Wnt5a purified in parallel from mouse L cells contained variable quantities of the mammalian homolog of Swim. We have shown that Swim is both necessary and sufficient for purified Wg activity in cultured Schneider2 (S2) cells and that purified Swim can bind to Wg with nanomolar affinity. Purified Swim can maintain Wg solubility in an aqueous environment. Interestingly, in vivo overexpression of swim leads to a wg loss-of-function phenotype, whereas RNA interference (RNAi) of swim also appears to decrease the range of Wg signaling in the wing. These data suggest that the in vivo role of Swim is to mediate extracellular Wg transport and that this interaction is sensitive to dose. Swim is a putative member of the Lipocalin superfamily of extracellular transport molecules. Lipocalins are typically small (averaging 20 kD), extracellular proteins that bind hydrophobic molecules (Bratt 2000; Flower et al. 2000; Ganfornina et al. 2000) . The hallmark of the Lipocalin family is the highly conserved tertiary structure formed by these proteins, an eight-stranded antiparallel β-barrel with a hydrophobic binding pocket (Flower et al. 2000) .
WNT SIGNALING AND STEM CELL CONTROL
Wnt signaling and Wnt proteins are important for the maintenance of stem cells of various lineages. One example is in the digestive tract, where in the crypt of the colon, the loss of transcription factor TCF4 leads to depletion of stem cells . More recently, lineage labeling based on the Wnt target gene LGR5 has shown conclusive evidence for stem cells in the crypts (Barker et al. 2007 ). The Wnt pathway has also been implicated as a selfrenewal signal in the hematopoietic system (Willert et al. 2003) . In the nervous system, the anatomical phenotypes of mouse Wnt mutants suggest that Wnts are involved in regulating neural stem and progenitor cell activity. Wnt1 knockout results in loss of midbrain, and Wnt3a mutant mice exhibit underdevelopment of the hippocampus due to lack of proliferation (Lee et al. 2000) . Recent work demonstrating enhanced neurogenesis in vivo via exogenous expression of Wnt3a via lentiviral vectors strengthens the model that the Wnt signaling pathway is a major regulator of adult stem cell activity and fate in the hippocampus (Lie et al. 2005) . A β-catenin gain-of-function study shows that continuous Wnt signaling results in marked and generalized hypercellularity of the brain (Chenn and Walsh 2002) .
WNT SIGNALING AND EMBRYONIC STEM CELLS
The hallmark of embryonic stem (ES) cells is the ability to give rise to progenitors that can either self-renew or differentiate into all cell lineages. One key question is how these cells decide which path to follow, and consequently, how these two pathways (i.e., self-renewal vs. differentiation) are controlled. Mouse ES cells placed in culture were found to spontaneously differentiate unless they were grown on top of a feeder layer of fibroblast or in presence of a differentiation inhibitory activity, which was later found to be the cytokine leukemia inhibitory factor (LIF) (Smith et al. 1988; Williams et al. 1988) . In presence of serum, LIF prevents differentiation by triggering phosphorylation of STAT3 through the activation of the receptor tyrosine kinase gp130 (Niwa et al. 1998 ). In the absence of serum, LIF is not sufficient to maintain mouse ES cells in culture unless BMP4 is added to prevent differentiation through SMAD phosphorylation and transcription of inhibitors of differentiation (Id) genes (Ying et al. 2003) .
Activation of the Wnt signaling pathway has been shown to maintain ES cells in a pluripotent stage. ES cells that harbor inactivating mutations in the negative regulator APC or activating mutations in β-catenin have a profound reduction in their ability to form teratomas or to differentiate following LIF withdrawal (Kielman et al. 2002) . Addition of Wnt-conditioned medium to ES cell cultures also sustained their pluripotency, but Wnt proteins alone were not sufficient to inhibit ES cell differentiation in absence of LIF. This apparent discrepancy was explained by the detection of LIF activity in the Wnt-conditioned medium and the subsequent discovery of a synergistic effect between LIF and Wnt signaling pathways (Ogawa et al. 2006 ). This effect might be due at least in part by Wnttriggered transcription of the STAT3 gene itself (Hao et al. 2006) . Activation of the Wnt signaling pathway through inhibition of the negative regulator GSK-3β with the chemical compound 6-bromo-indirubin-3′-oxime (BIO) was sufficient to maintain both mouse and human ES cells in their pluripotent stage (Sato et al. 2004 ), but BIO was found to also activate STAT3 through an unknown mechanism (Ogawa et al. 2006) . Thus, Wnt signaling was only able to maintain pluripotent ES cells in conjunction with activation of the LIF/STAT3 pathway.
In culture, mouse ES cell differentiation is triggered by the spontaneous expression of fibroblast growth factor 4 (FGF4) and the subsequent activation of the mitogen-activated protein kinase/extra-cellular signal-related kinase (MAPK/ERK) signaling pathway (Kunath et al. 2007; Stavridis et al. 2007 ), but neither LIF nor BMP4 inhibit ERK phosphorylation. Instead, inhibition of the MAPK/ERK pathway using two small molecules was found to be sufficient to expand pluripotent ES cells, and concomitant inhibition of GSK-3β using the smallmolecule CHIR99021 enabled highly efficient expansion of undifferentiated ES cells, bypassing the requirement for LIF/STAT3 (Ying et al. 2008) . Genome-wide chromatin immunoprecipitation (ChIP) experiments revealed that promoters bound by the ES cell transcription factors Oct4, Nanog, and Sox2 also bind Tcf3. This is true for both the active class of genes (which encode ES cell transcription factors and proliferation genes) and the inactive class of genes (which are mostly coding for developmental regulators and are silenced by bound Polycomb proteins). In absence of a Wnt signal, Tcf3 represses the active gene set, but activation of the pathway relieves this repression and enables expression of Oct4, Nanog, and Sox2 target genes, including the ES cell regulators themselves (Cole et al. 2008) . Altogether, these experiments suggest that activation of the Wnt signaling pathway helps to maintain ES cells in their undifferentiated state by affecting the balance between pluripotency and differentiation and that in absence of any differentiation signal or in presence of inhibitors of differentiation, the Wnt signaling pathway will sustain ES cell growth and self-renewal.
ONGOING RESEARCH ON WNT SIGNALING AND STEM CELLS
Our current research is based on methods we developed to purify Wnt proteins in an active form (Willert et al. 2003) . With the purified active Wnt in hand, we have extensively tested how the protein can be used to manip-ulate the behavior of stem cells in culture. We have also used various Wnt reporter mice to identify Wnt-responsive cells in vivo. These reporters are based on a multimerized TCF-binding site, driving expression of LacZ. Because the expression of Axin2 is under the control of Wnt signaling in many tissues and Axin2 may even be a universal Wnt target, the reporter line made by Lustig et al. (2002) based on the Axin2 gene is very useful to visualize expression of the Wnt target in animals.
These studies have borne fruit in two different stem cell areas: mammary stem cells and neural stem cells. In all cases, we established that we can expand stem cells in an undifferentiated state, with full retention of specific differentiation capacities. The latter is revealed when the Wnt protein is withdrawn and the stem cells are transplanted in vivo. Despite the different origins of these stem cells, there is a common theme: The Wnt protein works in combination with other signals to promote stem cell expansion, these other molecules often being growth factors that activate a tyrosine kinase pathway. These findings have significant fundamental and practical implications, because one of the key questions in the stem cell field is how to control the decisions that these cells make to stay undifferentiated or to become committed. Using the Axin2-LacZ Wnt reporter mouse, we identified Wnt-responsive cells in the subventricular zone of the developing mouse brain as well as in known neurogenic zones in the adult brain such as the dentate gyrus of the hippocampus. We tested directly whether Wnt signals act as a stem cell factor by adding purified Wnt protein to neural cells in culture, finding that the protein causes a clonogenic outgrowth of neural stem cells. These cells self-renew in culture for several passages, each time starting from single cells, in a Wnt-protein-dependent manner. By itself, the Wnt protein is poorly mitogenic, but it appears to act mainly by blocking the differentiation of the cells, whereas FGF must be added as a mitogen. When Wnt is withdrawn, neural stem cell colonies are multipotential and can form the three cell types of the central nervous system. Blocking the Wnt signaling pathway with the soluble Wnt inhibitor Dickkopf (Dkk) results in a depletion of stem cell populations. To demonstrate that Wnt reporter-positive cells from mouse embryos have stem cell properties, we isolated the cells and cultured them in vitro. Wnt-responsive cells from these embryos exhibit enhanced colony-forming potential similar to cultures of whole populations of neural stem cells treated with Wnt. Our data show that Wnt proteins not only are important regulators of neurogenesis in vivo, but can be used in vitro for the clonal expansion of neural stem cells in an undifferentiated state.
Another example of the critical role of Wnt signals and stem cell behavior comes from the mammary gland. This tissue is known to contain a population of multipotent mammary stem cells. The existence of mammary stem cells was previously established by the fact that the mammary gland can be regenerated by transplantation. Elucidation of the cellular signals that maintain mammary stem cells is of broad interest and will lead to the design of more effective treatments for breast cancer, because mutations of Wnt pathway components have been implicated in this disease. Using reporter mice that visualize Wnt signaling in intact animals, we found that Wntresponsive cells reside in the basal epithelial layer of the ducts coinciding with stem cell locations. In mutant mice that have slightly elevated Wnt signaling, the stem cells have a selective growth advantage when transplanted. When we use purified Wnt protein in mammary epithelium cell culture, we found that it promotes the maintenance of the stem cells. These Wnt-responsive stem cells are able to regenerate an entire mammary gland in transplantation assays (Fig. 5) . Our data suggest that normal stem cells in the mammary gland are under the control of the Wnt pathway in the sense that Wnt signals promote self-renewal.
CONCLUSIONS
The extensive characterization of Wnt signaling and Wnt proteins has led to an increased understanding of how this pathway is involved in stem cell control. The distribution of the Wnt proteins, an important aspect of their function as stem cell niche factors, is controlled by specific modifications, including acylation by multiple lipids. Wnts can bind to several extracellular proteins, another level of regulation of availability for target cells. By purifying active Wnt proteins, we have been able to examine directly how they influence stem cell fate, using cell culture assays. These studies contribute to stem cell biology not only by generating deeper insight into the stem cell control mechanism, but also in the practical sense of being able to manipulate stem cells for therapeutic purposes. Cold Spring Harbor Laboratory Press on January 13, 2009 -Published by symposium.cshlp.org Downloaded from
